ABSTRACT: The bovine protein tyrosine phosphatase (BPTP) is a member of the class of low-molecular weight protein tyrosine phosphatases (PTPases) found to be ubiquitous in mammalian cells. The catalytic site of BPTP contains a CX 5 R(S/T) phosphate-binding motif or P-loop (residues 12-19) which is the signature sequence for all PTPases. Ser19, the final residue of the P-loop motif, interacts with the catalytic Cys12 and participates in stabilizing the conformation of the active site through interactions with Asn15, also in the P-loop. Mutations at Ser19 result in an enzyme with altered kinetic properties with changes in the pK a of the neighboring His72. The X-ray structure of the S19A mutant enzyme shows that the general conformation of the P-loop is preserved. However, changes in the loop containing His72 result in a displacement of the His72 side chain that may explain the shift in the pK a . In addition, it was found that in the crystal, the protein forms a dimer in which Tyr131 and Tyr132 from one monomer insert into the active site of the other monomer, suggesting a dual-tyrosine motif on target sites for this enzyme. Since the activity of this PTPase is reportedly regulated by phosphorylation at Tyr131 and Tyr132, the structure of this dimer may provide a model of a self-regulation mechanism for the low-molecular weight PTPases.
Protein tyrosine phosphorylation is an essential component of the intracellular signal transduction pathways that regulate cell growth, proliferation, and differentiation (1, 2) . The level of protein tyrosine phosphorylation in the cell reflects the coordination of the enzymatic activities of kinases and phosphatases that phosphorylate and dephosphorylate target proteins (1, 3) . The protein tyrosine phosphatase (PTPase) 1 family includes a large number of proteins that can be categorized as high-molecular weight PTPases, low-molecular weight PTPases, and dual-specificity PTPases (4, 5) . The low-molecular weight PTPases (M r ∼ 18 000) are cytoplasmic and found to be ubiquitous in mammalian cells (6) (7) (8) (9) (10) . The sequences of this class of small enzymes exhibit no apparent homology with the high-molecular weight family except for the PTPase signature sequence, CX 5 R(S/T), a structural motif that forms a phosphate binding site equivalent to the P-loop (phosphate-binding loop) in the high-molecular weight phosphatases.
The structure of the bovine protein tyrosine phosphatase (BPTP) (11-13) reveals a fold characterized by a highly twisted central -sheet with R-helices packed on both sides. The overall structure has the characteristics of a classic dinucleotide binding or Rossmann fold, with two clear righthanded R motifs contributing to the central four-strand parallel -sheet. The active site in BPTP is formed by a loop containing the signature sequence that connects the Cterminus of the first -strand to the N-terminus of the first R-helix. A phosphate ion sits at the center of the loop nestled between Cys12 and Arg18 and hydrogen-bonded to the amide groups of residues in the loop. Although this loop has a sequence different from that normally observed in other phosphate binding motifs compared to the canonical GXGXXG), it adopts a similar geometry with all the backbone amide groups oriented toward the phosphate ion. This is possible because Asn15 (conserved in the lowmolecular weight PTPases) adopts a left-handed helical conformation. Interestingly, Asn15 makes hydrogen bonds with three other conserved residues, Ser19, Ser43, and His72, that apparently help to stabilize its left-handed conformation. Thus, it appears that Asn15, Ser19, His72, and Ser43 serve structural functions that allow the active site to adopt an optimal geometry for substrate binding and transition state stabilization.
Site-directed mutagenesis has been used to explore the role of some of these conserved residues involved in forming the P-loop of BPTP (14) . The mutation of Ser19 to alanine resulted in an enzyme with altered kinetic properties, including a marked dependence on the leaving group pK a of the substrates that were tested. These experiments suggested that the formation of the phosphoenzyme intermediate becomes at least a partially rate-limiting step in this mutant, in contrast to the kinetic behavior of the wild-type enzyme for which dephosphorylation of the phosphoenzyme is entirely rate-limiting. It was therefore proposed that Ser19 acts to facilitate the ionization and orientation of Cys12 for optimal reaction as a nucleophile. We report here the structure of the S19A mutant of BPTP at 2.2 Å resolution and discuss the changes observed and their implications in the altered kinetic behavior of this mutant. In the crystal, we also observe that the two monomers in the asymmetric unit form a dimer with the active sites facing each other. Hydrogen bond interactions occur across the dimer interface, and we will analyze their significance for regulation and substrate specificity.
EXPERIMENTAL PROCEDURES
Protein Purification. Purification of S19A was achieved in two steps, involving ion exchange chromatography and gel filtration chromatography (14) . The cell lysate was loaded onto a SP-Sephadex C-50 cation exchange column equilibrated with low-ionic strength buffer [10 mM sodium acetate, 10 mM NaH 2 PO 4 , and 1 mM EDTA (pH 5.0)]. The mutant enzyme was eluted with 300 mM NaH 2 PO 4 , 1 mM EDTA, pH 5.1 buffer. The fractions containing the highest A 280 and specific activity were pooled, concentrated, and further purified using a Sephadex G-50 size exclusion column equilibrated with the same low-ionic strength buffer as the C-50 column.
Crystallization Conditions and Structure Determination. The protein sample was kept in the low-ionic strength buffer and further concentrated to 5 mg/mL. Initial crystals for S19A were grown in 30% PEG 4000 and 0.1 M Tris at pH 7.0 in 2 days. Two steps of macroseeding were necessary to improve the size and quality of the crystals. Data were collected using an R-Axis II detector at room temperature on a plate-like crystal (0.1 mm × 0.2 mm × 0.05 mm) that diffracted up to 2.0 Å. The data from the S19A mutant were processed with Denzo (15) and indexed as a primitive orthorhombic cell (P2 1 2 1 2 1 ) with the following dimensions: a ) 43.32 Å, b ) 55.47 Å, c ) 131.45 Å, and R ) ) γ ) 90.0°, with two molecules in the asymmetric unit (V M ) 2.12 Å 3 /Da). In contrast, the native BPTP crystals belong to space group C2 with the following unit cell dimensions: a ) 95.3 Å, b ) 43.3 Å, c ) 41.2 Å, and ) 113.5°. After being scaled with Scalepack (15), the data from 30 to 2.2 Å have an R sym of 6.1% for 15 625 unique reflections at the zero σ level, and are 93.4% complete. The structure was solved by the molecular replacement method using AMoRe (16) with the native BPTP coordinates as a starting model (11) . The self-rotation function exhibited a peak at ψ ) 45°, φ ) 0°, and κ ) 180°, corresponding to the pseudo-2-fold axis that relates the two molecules in the asymmetric unit. The resulting solution in the rotation and translation functions for the two molecules in the asymmetric unit exhibits a compact packing in the cell and an R value of 48%. Refinement was carried out using the program X-PLOR with the parameters of Engh and Huber (17, 18) . Rigid-body refinement followed by energy minimization dropped the R value from 48 to 35%. Non-crystallographic symmetry constraints were applied in the initial steps of the refinement for the resolution range of 10-3.0 Å. Simulated annealing and positional refinements were used in combination with manual fitting of the initial model. In a second stage, the resolution was increased up to 2.2 Å and non-crystallographic restraints were then applied. Refinement was finished using CNS with the maximum likelihood target (19) to a final R work of 19.1% and an R free of 24.4% for data in the range of 20-2.2 Å with 13 757 reflections. The final model contains 1529 atoms (residues 4-157) and 113 water molecules. The rmsd for bond distances is 0.006 Å and for bond angles is 1.3°. The rmsd between the two molecules (all atoms except hydrogens) in the asymmetric unit is 0.18 Å.
After the initial rigid-body refinement, the 2(F o -F c ) maps at the 2.5σ level indicated significant shifts in the positions of the side chains of residues His72 and Trp49, both in the active site region. The indole ring of Trp49 in the S19A structure is displaced about 90°with respect to the wildtype structure, due to the packing of the second monomer against the active site. The new position of Trp49 was modeled manually into the electron density maps. One run of simulated annealing refinement resulted in better quality maps and a rearrangement of the extended loop that contains His72 (residues 66-79).
1 H NMR Spectroscopy. A sample of S19A was prepared for NMR spectroscopy by exchanging the G-50 column buffer for 99.9% D 2 O, 20 mM NaH 2 PO 4 , and 130 mM NaCl. The final volume was 0.6 mL, and the concentration of the protein was 1.7 mM. The 1 H NMR spectra were obtained on a Varian VXR-600S spectrometer at 25°C using the MLEV-17 pulse sequence for filtering out amide proton resonances (20) . Each spectrum was acquired with a 7200 Hz spectral window, a 1 s acquisition time, a 1 s delay time, 128 acquisitions, a 10 ms MLEV-17 spin-lock time, and a 19 Hz field strength transmitter saturation of the residual HOD resonance, and processed with a 0.2 s Gaussian apodization function. The titration was performed in 13 steps from pH 4.8 to 10 using small aliquots of a 100 mM NaOD or 100 mM DCl solution. The chemical shifts of the histidine C 2 H and/or the C 5 H resonances of His66 and His72 were monitored to determine the imidazole pK a s. The pK a values were determined from the modified Hill equation using a nonlinear least-squares fitting algorithm (21) .
RESULTS AND DISCUSSION
Overall, the structure of the S19A mutant of bovine protein tyrosine phosphatase exhibited no large conformational changes when compared with the wild-type structure (11) . For the main chain atoms, the rms deviation between both structures is 0.47 Å. The larger deviations were localized in exposed loop regions (Figure 1 ), in particular in residues 66-79 between the second and third helix. The conformation of the P-loop remained the same as the wild-type enzyme with a rms deviation for the main chain atoms in the P-loop region (residues 12-19) of 0.32 Å. However, subtle differences in the positions of residues around the active site provided information that is important for understanding the kinetic and biophysical properties of the S19A mutant.
Shift in the His72 Side Chain Position and the Effect on the pK a of His72. In the wild-type BPTP enzyme, both His66 and His72 have unusually high pK a values, 8.36 and 9.19, respectively (22) . On the basis of the initial X-ray BPTP structure (11) , it was proposed that two acidic residues (Glu23 and Asp42) located near His72, and an acidic residue (Glu139) near His66, are primarily responsible for altering the pK a values of these two residues. Histidines His66 and His72 are highly conserved in the low-molecular weight PTPase family. Site-directed mutagenesis studies have shown that the His72 to Ala mutant loses about 75% of the wildtype activity (22) , consistent with the location of this residue near the active site. An examination of the wild-type X-ray structure provides an explanation for the importance of His72, which is involved in a hydrogen bond network around Asn15, a residue in the P-loop region (11) (Figure 2 ). In the wild-type structure, interactions of Asn15 with the OH group of Ser19, the OH group of Ser43, and the N 2 of His72 were proposed to stabilize its left-handed backbone conformation. With Asn15 in this orientation, the P-loop remains a rigid open loop that is optimal for substrate binding and transition state stabilization. The structure of S19A reveals that the hydrogen bond network around Asn15 is disrupted, with a loss of interaction with Ser43 as well as the contact with Cys12 through the bridging hydrogen bonds of Ser19.
Although His72 remains in contact with Asn15, it has also moved, but the overall P-loop conformation is not appreciably altered (Figure 2 ).
In the S19A mutant, His66 retains its high pK a (8.3). However, a striking change in the pK a of His72 is observed. This pK a decreases from 9.2 in the wild-type enzyme to 6.9 in S19A, as estimated from pH titration curves (Figure 3) . A detailed examination of the wild-type and S19A mutant enzyme structures reveals some interesting differences that may explain the shift in the pK a values of His72. In the S19A structure, there is a displacement of the long loop connecting the second and third helices (residues 66-79) (Figure 4) . This displacement causes a shift in the position of the His72 FIGURE 1: Plot of the backbone rms deviations between the BPTP wild-type and the BPTP S19A mutant structures. Superimposed is a graph of the topology of the polypeptide chain with the P-loop and the position of His72 indicated. The larger differences between the backbone of both structures are located in the loop connecting the second and third helices (residues 66-79). This loop contains the His72 involved in hydrogen bonding interactions with residues in the P-loop. In contrast, the P-loop region that contains the S19A mutation exhibits a low rmsd between the wild-type and the mutant structure (0.2-0.5 Å). CR of about 0.8 Å and a shift in the position of the imidazole ring atoms of 1-2 Å. As a consequence of this displacement, the imidazole ring of His72 is further away from the two acidic residues, Asp42 and Glu23, proposed to be responsible for the increased pK a of His72 in the wild-type enzyme (Table 1 ). In addition, the N 2 atom of His72 is now displaced toward the amino group of Asn15, occupying a midway position between the amino group and the carbonyl group. In the wild-type structure, the N 2 atom of His72 was closer to the carbonyl oxygen of Asn15 (Figure 2) . Overall, the imidazole ring of His72 in the S19A structure is considerably more distant from acidic residues Asp42 and Glu23 and hydrogen bond partners (like Asn15) than in the wild-type structure, which will minimize the electrostatic interactions with these neighbors and explain a drop in the pK a . This is consistent with the fact that removal of the carboxylate groups from Asp42 and Glu23 in the doublemutant enzyme E23A/D42A results in a pK a for His72 of 6.2 (21) .
Role of the Ser19 OH Group. Steady state kinetic measurements revealed that the S19A mutant enzyme had FIGURE 4: (A) Stereo representation of the superposition of the BPTP wild-type (blue) and S19A (orange) structures at the active site region. Note the displacement of the His72 side chain that results in a shift of this residue away from acidic residues Asp42 and Glu23. (B) Stereo representation of this same portion of the model in the active site region of S19A with the electron density map (2F o -F c ) superimposed and contoured at the 2σ level. Water molecules are shown as asterisks. Some P-loop residues have been removed for clarity. These comparisons show minor changes in the P-loop backbone, with Cys12 retaining its position, roughly centered under the P-loop. The largest changes can be seen in the region surrounding His72. This figure was prepared with SETOR (34). (14) . Further kinetic analyses of the S19A mutant were performed using phosphomonoester substrates with varied phenolic leaving groups. The slope of the correlation between V max and the substrate leaving group pK a was significantly altered, consistent with a change in the ratedetermining step from breakdown of the phosphoenzyme intermediate to formation of the phosphoenzyme. These and related experiments were interpreted to indicate that in the wild-type enzyme Ser19 acts to facilitate the ionization and orientation of Cys12 to permit optimal reaction of the thiolate as a nucleophile. It was proposed that upon disruption of the hydrogen bond interaction with Ser19, the ionized form of Cys12 was no longer stabilized and might change its orientation away from an optimal position for nucleophilic attack on the substrate. In the case of the Yersinia PTPase, a different role has been proposed for the conserved hydroxyl group in the signature motif (23) . It was argued that Thr410 (which is in a position in the Yersinia PTPase structure similar to that of Ser19 in BPTP) is important in facilitating the breakdown of the phosphoenzyme intermediate. It was proposed that in the step that leads to the hydrolysis of the phosphoenzyme intermediate, the developing negative charge on the thiolate group in the transition state is stabilized by the hydroxyl group of Thr410. Such a role has also been proposed for the dual-specificity phosphatase VHR (24) and the Stp1 phosphatase (25) .
The structure of the S19A mutant shows that although the hydrogen bond between Ser19 and Cys12 is disrupted because of the mutation, the Cys12 side chain remains unaltered relative to the wild-type structure (Figure 2 ). Since no movement is observed, this suggests that Ser19 is primarily involved in the thiolate stabilization.
BPTP Dimer. The structure of the S19A mutant presents two molecules in the asymmetric unit related by a pseudo-2-fold axis ( Figure 5A ). The two molecules form a dimer in which the active sites are facing each other and residues Tyr131 and Tyr132 from one monomer insert into the active site cleft of the other monomer. The wild-type enzyme (BPTP) and the human low-molecular weight PTPase (HCPTPA) (26) were crystallized in the presence of HEPES and MES, aryl sulfonate inhibitory compounds that fill the active site with the sulfonate group bound in the P-loop. The S19A mutant enzyme was crystallized in the presence of phosphate; the phosphate ion binds in the P-loop, but the remaining cavity of the active site is unoccupied. We believe this is the reason the two tyrosines are able to bind into the active site, forming a stable dimer and changing the cell dimensions and the crystal habit from monoclinic in the wildtype crystals to orthorhombic in the mutant crystals.
To determine if dimer formation occurs and to assess the BPTP dimer stability in solution, we conducted preliminary sedimentation studies in a Beckman XLA analytical ultracentrifuge. Equilibrium ultracentrifugation experiments show that both the wild-type and S19A mutant enzymes exist at pH 4.8 as a monomer (M r ∼ 17 900) in the low-ionic strength buffer used in the protein purification (as described in Experimental Procedures). In contrast, at a more physiological pH of 7.3 in the crystallization Tris buffer, a monomerdimer equilibrium was observed for both forms of the enzyme with an estimated equilibrium constant of approximately 1-5 mM (results to be published). In this latter case, no phosphates which could stabilize the complex or aryl sulfonates which should compete with the dimerization are present. We believe that the dimer observed in solution in these experiments is the one which is captured in the S19A crystals grown at neutral pH.
An analysis of the contacts in the dimer shows they involve residues that are important to specificity in the low-molecular weight PTPases. The two tyrosines (Tyr131 and 132) inserted in the active site establish specific interactions across the dimer interface. Tyr131 from one monomer forms a hydrogen bond through its hydroxyl group to Asn50 in the second monomer (3.1 Å for one active site and 3.4 Å for the other), and Tyr132 from one monomer forms a hydrogen bond through its hydroxyl group to Asp129, which is the general acid in catalysis, of the second monomer (2.5 and 2.6 Å) ( Figure 5B) . Additionally, the Trp49 side chain, which sits at the opening of the active site, rotates about 90°from its original conformer in the wild-type structure to accommodate the second monomer ( Figure 6 ).
Site-directed mutagenesis, steady state kinetics, and effector studies of the two human low-molecular weight PTPase isoenzymes (A form, HCPTPA, and B form, HCPTPB) indicated that residues 49 and 50 play important roles in determining the specificities of the two enzymes (26, 27) . These two residues, Trp49 and Asn50, are located in a loop (the variable loop) at the outer rim of the active site. When Trp49 and Asn50 residues in the B form of the human enzyme (homologue to the BPTP enzyme) are mutated to their analogues in the A form, Tyr49 and Glu50, the k cat /K m value of the double mutant for phosphotyrosine is on the same order of magnitude as that of the A isoenzyme. Differing responses of the A and B forms of the enzyme toward activators and inhibitors have also been reported (28, 29) . For example, residues 49 and 50 are involved in the strong activation of the B form by guanosine and cGMP. Mutations of Trp49 to its equivalent in the A form, a tyrosine, and Asn50 to a glutamate, result in enzymes with kinetic properties of the A form for cGMP activation (29) .
The interactions of Tyr131 and Tyr132 in the dimer of this B form enzyme may be interpreted as mimicking specific interactions with natural substrates or inhibitors. In fact, the ring position of Tyr132, which interacts with the catalytic residue Asp129, is similar to the ring positions of the HEPES molecule in the BPTP structure ( Figure 6 ) and the MES molecule in the HCPTPA structure in the active site (26) . In the BPTP structure, the ring of HEPES packs parallel to the ring of Tyr131. In the HCPTPA structure, the ring of MES is perpendicular to Tyr131. In the dimer described here, Tyr132 from the first monomer packs perpendicular to the Tyr131 at the entrance of the active site of the second monomer and contacts Asp129, and Tyr131 from the first monomer points to the opposite wall of the active site and contacts Asn50 in the second monomer ( Figure 6 ). If these interactions mimic a putative biological substrate, it is possible that the natural target also has multiple phosphotyrosines.
Dephosphorylation rates of a variety of phosphopeptide substrates derived from phosphorylation sites of cellular proteins have been measured using HCPTPA and among all the phosphopeptides that were tested. Furthermore, the k cat /K m value for the dephosphorylation of SykYYY is about 2 times greater for HCPTPB than for HCPTPA, which may indicate a further preference of this isoform for substrates with tandem phosphotyrosines. It has been reported that the rat low-molecular weight PTPase associates with the insulin receptor -subunit and downregulates the mitogenic and metabolic insulin-mediated response in fibroblasts (31) . Interestingly, the insulin receptor tyrosine kinase and the fibroblast growth factor receptor kinase both contain a tandem of two tyrosines in the activation loop which are phosphorylated in the active form of the kinase, and which may be a candidate target for this phosphatase. Double tyrosines are also found in the LTK/Alk family, hepatocyte growth factor, NKIN15/16, DDR/TKT, Ros/sevenless, Axl, Fak, Tyk, Jak, and Syk/Zap70 kinases. Mechanism of Self-Regulation. Recent reports have suggested that this low-molecular weight phosphatase, as expressed in T-cells, is activated by phosphorylation at Tyr131 and to a lesser extent at Tyr132 (32, 33) . Phosphorylation of the phosphatase may be accomplished by Lck or Fyn kinases in vivo. It was proposed that activation of T-cells upon formation of the antigen-receptor complex results in rapid dephosphorylation of this PTPase with subsequent inactivation of the enzyme. The insertion of Tyr131 and Tyr132 into the active site in the crystallized dimer suggests a way in which rapid dephosphorylation could occur with this enzyme serving as its own substrate. A model for selfregulation may be proposed as follows. In vivo, as a response to the appropriate signal, BPTP is phosphorylated and becomes activated. Phosphorylation at Tyr131 and at Tyr132 would cause a strong repulsion between the contiguous phosphate groups. This repulsion would force a conformational rearrangement of the loop that contains the tyrosines and result in a change at the entrance of the active site where they are located (open form). In this open conformation, the PTPase will be able to bind its natural phosphosubstrate and exert its function as a phosphatase. Subsequently, as the levels of phosphosubstrate decay, the PTPase will rapidly auto-dephosphorylate itself as a fast turn-off mechanism.
Upon dephosphorylation, the loop will change back to its unphosphorylated conformation, resulting in a narrower entrance of the active site (closed form) that would prevent binding to the target substrate. The PTPase will then enter into a resting inactive state. According to this model, the dimer in the crystal would represent a transient state between the desphophorylation of the tyrosines and the release of the unphosphorylated resting monomers. One could also argue that the dimer represents a product inhibition equilibrium state and will be displaced in the presence of the natural phosphosubstrate.
